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ABSTRACT: A scheme for the generation of bimetallic nanoparticles is presented which combines electrodeposition of one type
of metal, coordinated to a self-assembled monolayer (SAM), with another metal deposited from the bulk electrolyte. In this way
PdCu nanoparticles are generated by initial complexation of Pd2+ to a SAM of 3-(4-(pyridine-4-yl)phenyl)propane-1-thiol (PyP3)
on Au/mica and subsequent reduction in an acidic aqueous CuSO4 electrolyte. Cyclic voltammetry reveals that the onset of Cu dep-
osition is triggered by Pd reduction. Scanning tunneling microscopy (STM) shows that layers of connected particles are formed
with an average thickness of less than 3 nm and lateral dimensions of particles in the range of 2 to 5 nm. In X-ray photoelectron
spectra a range of binding energies for the Pd 3d signal is observed whereas the Cu 2p signal appears at a single binding energy,
even though chemically different Cu species are present: normal and more noble Cu. Up to three components are seen in the N 1s
signal, one originating from protonated pyridine moieties, the others reflecting the SAM-metal interaction. It is suggested that the
coordination controlled electrodeposition yields layers of particles composed of a Pd core and a Cu shell with a transition region of
a PdCu alloy. Deposited on top of the PyP3 SAM, the PdCu particles exhibit weak adhesion which is exploited for patterning by
selective removal of particles employing scanning probe techniques. The potential for patterning down to the sub-10 nm scale is
demonstrated. Harnessing the deposition contrast between native and PdCu loaded PyP3 SAMs, structures thus created can be de-
veloped into patterned continuous layers.
INTRODUCTION
Among the many applications of self-assembled monolayers for
surface modification and patterning,1-4 templated electrodeposi-
tion is one where a combination of interfacial properties, encom-
passing charge transfer, interfacial energy and chemical function-
ality, is harnessed for the generation of metal structures.5, 6
There are two distinctly different approaches to controlling elec-
trodeposition using SAMs. One, more commonly employed,
strategy is illustrated in Figure 1a. The method is based on SAMs
which render an electrode electrochemically passive, thus, confin-
ing deposition to SAM free areas or defects in the SAM.7-16 In the
latter case, deposition starts at the SAM/electrode interface and
proceeds via a mushroom type growth.9, 10, 17 The nature of these
defects can be very local and intrinsic to the native SAM such as
structural defects and packing faults or extrinsic to the SAM orig-
inating from contaminations or intentionally introduced by pat-
terning techniques.7, 18 Notably, for aromatic SAMs intrinsic de-
fects acting as nucleation sites can be eliminated by electron beam
induced cross-linking of the molecules whereas aliphatic SAMs
undergo damage. Consequently, deposition occurs in areas of
either the native (negative resist) or irradiated (positive resist)
layer. The high spatial resolution of e-beam lithography, enabling
patterning of SAMs down to the sub-20 nm range,19 makes SAM
controlled electrodeposition also of interest for the generation of
metallic nanostructures.7, 10, 12, 20, 21 However, even though defect
mediated deposition allows the generation of structures on the
nanometer scale,7, 10, 12, 20, 21 the statistical nature of defects and
dynamic processes in SAMs at defects such as diffusion of mole-
cules will limit the level of control over nucleation and, therefore,
the accuracy of the deposition process.
For this reason the second, much less explored deposition scheme
is of interest as it relies on the chemical functionality of SAM
molecules, thus promising a more active control of the deposition
process. The key point is the electrochemical reduction of ions
coordinated to a SAM which, similar to protocols where reduction
is accomplished chemically,22-25 follows a complexation step
without potential control as illustrated in Figure 1b. The specific
features of this coordination controlled electrodeposition (CCED)
scheme are that (i) the amount deposited is defined by the SAM
through the number of coordination sites, (ii) the metal clusters
formed are localized on top of the SAM, and (iii) the potential
provides a precisely adjustable parameter for controlling the dep-
osition kinetics. Originally performed in an electrolyte free of
reactive species26 (route A), this scheme has been modified and
extended in various ways including the combination of electro-
chemical and electroless deposition.24, 25, 27-42 In this context it is
also worth noting that such a two step procedure of fixation of
metal ion complexes and electroreduction in a non-reactive elec-
2trolyte has also been applied to generate metal nanoparticles on
monolayer grafted carbon nanotubes or imbedded in layer by
layer grown polymer films.43-45
One variant of the complexation-reduction scheme, particularly
important to the work presented below, is that the ions coordinat-
ed to the SAM can be reduced in the presence of metal ions in the
bulk electrolyte (Figure 1b, route B) using SAMs which exhibit
the structural quality to suppress defect mediated deposition from
the bulk electrolyte. This not only simplifies the two step process
of complexation and reduction of the coordinated ions to a one
pot procedure but also makes multiple complexation-deposition
cycles straightforward.25, 31 However, this approach offers the
additional option of combining deposition from species coordi-
nated to the SAM and present in the bulk electrolyte. This does
not only overcome the limitation of a purely coordination mediat-
ed deposition with respect to the amount deposited but also pro-
vides unexplored ways for binary metal deposition if both a coor-
dinating metal and a non-coordinating metal are present as illus-
trated by route B of Figure 1b.
Exploring the scope of the CCED scheme for the generation of
metal nanostructures, the present paper focuses on the combina-
tion of 2D/3D deposition and the opportunities arising for na-
noscale patterning. Using a pyridine terminated SAM and the
established molecular design of a combination of an aromatic
moiety with a short aliphatic spacer chain which yields structural-
ly well-defined SAMs,46, 47 the codeposition of Pd coordinated to
the SAM and Cu from the bulk electrolyte is investigated.
Figure 1: Schemes of SAM controlled electrodeposition process-
es, illustrating deposition at defects of a chemically passive SAM
(a) or on top of a chemically reactive coordinating SAM (b). In
the CCED scheme route A denotes deposition of only coordinated
species in an inert electrolyte whereas B includes deposition of
species from the bulk electrolyte with reduction of coordinated
species (I) preceding deposition from the bulk (II). E indicates
electrochemically controlled steps
MATERIALS AND METHODS
Materials and sample preparation. Potassium hydroxide
(Fluka, p.a.), palladium sulfate (Fluka, 99.995%), sulfuric acid
(Sigma-Aldrich, 99.999%), and copper sulfate pentahydrate
(Sigma-Aldrich, 99.995%) were used as purchased. Platinum
wires (diameter of 0.25 mm) and copper wire (diameter of 0.25
mm) used as reference and counter electrodes, and Pt/Ir (80:20,
diameter of 0.25 mm) wire for STM tips were purchased from
ADVENT Research Materials. The synthesis of PyP3 has been
described previously.48 Substrates, 300 nm thick epitaxial
Au(111) films grown on mica (Georg Albert PVD, Silz Germa-
ny), were stored in vacuum and flame-annealed prior to SAM
modification.
Substrates were cut to size, flame annealed and then immersed
into a solution of 250 µM PyP348 in a basic ethanol solution
(KOH, pH < 10) at 298 K for 12 hours, then rinsed with pure
EtOH and blown dry with N2 gas.
For Pd2+ complexation the PyP3/Au/mica sample was immersed
in a palladium solution (100 µM PdSO4 in 50 mM aq. H2SO4) for
20 mins at room temperature followed by rinsing with dilute
H2SO4 (pH ~1) and blown dry with N2 gas.
Electrochemistry. Two types of electrolytes were used in the
experiments. For Pd-only deposition pure sulfuric acid (pH~1)
was used. Pd/Cu deposition was performed in acidic copper sul-
fate solutions (aq. H2SO4, pH~1) of varying concentrations as
stated in the relevant sections. Depositions were performed in
home-built small volume cells (3-5 ml), one consisting of a cylin-
drical KEL-F body with a central stepped bore of 5 and 7 mm in
diameter. The substrate was pressed against the bottom of the cell
using a viton ring as seal. This cell allowed the experiments to be
carried out in a protected atmosphere by purging the electrolyte
with N2 gas for 20 mins prior to and continuously during the ex-
periments.
Care was taken that, in order to minimise dissolution of copper in
the case of the Pd/Cu system, samples were removed from the cell
after electrodeposition within a few seconds and then immediately
blown dry with N2 gas before rinsing with deionised water and
being dried again. Depositions onto AFM patterned Pd/Cu layers
were performed in an open cell. Similar to a hanging meniscus
configuration the sample was held upside down and then brought
into contact with the electrolyte. Pt and Cu wires were used as
reference and counter electrodes for the Pd-only and Pd/Cu depo-
sition, respectively. To allow for direct comparison between cy-
clic voltammograms (CVs) with and without Cu, potentials are
referenced to the saturated calomel electrode (SCE) using +0.53
V as difference between Pt and SCE in agreement with literature49
and -0.02 V for Cu calculated from the concentration corrected
standard potential.
Nanoparticle Characterisation and Manipulation. A pico SPM
(Molecular Imaging) operating in ambient atmosphere was used,
employing tips mechanically cut from a 0.25 mm diameter Pt/Ir
wire (80:20). Typical values for bias voltage and tunneling cur-
rent used for imaging were in the range of 0.5 V - 0.8 V and 1.5 –
10 pA. Condition for removing nanoparticles was 0.1 V/250 pA.
Patterning by AFM was also performed in ambient atmosphere
using a Nanosurf EasyScan 2 instrument with a silicon cantilever
(Budget Sensors ContAl-G, k = 0.2 N/m). A repulsive force of 42
nN and a scan rate of 2 lines/s were applied. Depending on area,
the separation between lines varied from 5 to 1.3 nm. Patterned
samples after Cu deposition were imaged in tapping mode with a
Bruker Dimension Icon AFM (Veeco SNL-10 tips, k = 0.58 N/m).
For image analysis and presentation WSxM software was used.50
X-ray photoelectron spectroscopy measurements were carried
with a Kratos Axis Ultra-DLD photoelectron spectrometer
equipped with a monochromatized Al K source. Binding ener-
gies are referenced to the Au 4f7/2 peak at a binding energy of
84 eV. Spectra were fitted using Casa-XPS software and employ-
ing a Gaussian/Lorentzian product function (GL30). Due to the
large Au 4d signal a Shirley background was used for the Pd 3d
region whereas linear backgrounds were applied for the N 1s
region.
RESULTS AND DISCUSSIONS
CCED of Pd. For reference, electrochemical reduction of Pd2+
coordinated to a PyP3 SAM was performed in 50 mM aq. H2SO4.
3In agreement with earlier work26, 30, 31, 40 the cyclic voltammo-
grams (Figure 1a) show a cathodic peak at about -0.15 V in the
first cycle which is absent in the subsequent one, thus, indicating
the irreversible electrodeposition of Pd. Upon reduction, Pd atoms
diffuse at the SAM/electrolyte interface and nucleate to yield
nanoparticles on top of the SAM. Large scale STM images like
the one shown in Fig. 3a show randomly distributed particles at
rather low coverage (less than 25% of total area). In agreement
with previous work31 they are located on top of the SAM as evi-
denced by their poor adhesion which requires low tunneling cur-
rents to avoid removal. The nanoparticles are rather uniform in
size as seen from the magnified image and the respective height
profile displayed in Fig. 3b. We note at this point that caution is
required in the interpretation of height (3-4 nm) and width (6-7
nm) due to the influence of the tip size/shape on the image. Since
Pd particles on a PyP3 SAM have been characterised previously31
and our interest was in the density of the Pd particles we did not
aim to optimise the tip resolution, in contrast to imaging of the
PdCu particles as discussed below.
Figure 2. Cyclic voltammograms of metal deposition onto PyP3
modified Au/mica. (a) First (blue curve) and second (red curve)
cycles of reduction of Pd2+ coordinated to PyP3 in a metal free
electrolyte (50 mM H2SO4). (b) Deposition in a Cu containing
electrolyte (100 µM CuSO4/50 mM H2SO4) for a PyP3 SAM with
(black curve) and without (red curve) coordinated Pd. For com-
parison the blue curve of (a) is also shown. Scan rate in all exper-
iments: 10 mV/s.
The deposition process was also monitored by XPS, taking spec-
tra before and after complexation, as well as after Pd reduction.
Figures 3c and 3d show the results for the Pd 3d and N 1s regions,
respectively, and Table 1 compiles binding energies and line
widths of fitted components. For clarity of presentation only the
original spectra are shown for the Pd region. An illustrative ex-
ample of a fit is shown below in Fig. 5b. Since a large Au 4d sig-
nal from the substrate superimposes the Pd 3d signal, spectra were
recorded at grazing emission angle of the photoelectrons in order
to maximize surface sensitivity. The attenuation of the substrate
signal is illustrated by spectra of the sample after Pd reduction
(orange curves in Figure 3c) taken at emission angles of 0° and
75° with respect to the surface normal. Only a faint shoulder of
the Pd1/2 signal at 340.6 eV is discernible at normal emission
whereas a distinct peak appears at grazing emission.
Compared to the spectrum of the native PyP3 SAM (blue curve)
which only shows the Au 4d signal (~353/335 eV) of the sub-
strate, additional peaks are present in the spectrum after exposure
of the SAM to the PdSO4 solution (red curve). Separated by
5.26 eV51 the binding energies of 338.4 eV and 343.7 eV of the
Pd doublet are characteristic of Pd2+.52, 53 A fit yields a rather
small linewidth of the 3d5/2 signal of 1 eV which suggests a well-
defined species, i.e., formation of the Pd2+-pyridine complex. It is
noted that the line width of the 3d3/2 component is larger com-
pared to the 3d5/2 signal as a result of Coster-Kronig broadening.54
To have a consistent fit procedure this ratio was set to 1.2 for all
samples.
After electrochemical reduction (orange curves) the Pd signal
appears at significantly lower binding energies, thus, indicating
formation of metallic palladium. Due to the shift in binding ener-
gy the Pd 3d5/2 signal coincides now with the Au 4d5/2 peak which,
due to the much smaller line width compared to Au (1.2 eV com-
pared to 3.8 eV), gives this peak a more pointed shape. Repeating
the complexation/deposition cycle a few times increases the num-
ber of Pd particles31 which is evident from the comparison of the
spectra acquired at 0° emission angle after one cycle (dotted or-
ange curve) and 5 cycles (dotted brown curve).
Figure 3. CCED of Pd onto a PyP3 SAM. (a) Large scale STM
image in 2D representation. (b) Magnified STM image in 3D
representation with height profile along the line shown. Some of
the monoatomic substrate steps are marked by white arrows. (Utip
= −0.5 V, I = 3 pA) (c,d) XPS spectra at different stages of the 
CCED process in the Pd 3d (c) and N 1s (d) regions: native SAM
after exposure to H2SO4 (H+, blue curves), after Pd complexation
(Pd2+, red), after reduction (Pd0 x1, orange). Top spectra (Pd0 5x,
brown) are from a sample which has undergone 5 complexa-
tion/reduction cycles. Solid/dotted curve(s): spectra recorded at an
emission angle of 75°/0° from the surface normal. Signal intensity
of the top N1s spectrum is multiplied by a factor of 5.
The N 1s spectra parallel the Pd spectra. For the native layer ex-
posed to sulfuric acid (blue curve) a single species at 401.7 eV is
observed, indicative of protonated pyridine.48, 53, 55 After exposure
to PdSO4 solution (red curve) a second component at 400 eV is
present, indicating the coordination of Pd2+ to the pyridine moie-
ty.53 It is noted that the simultaneous signals from protonated and
Pd2+ coordinated pyridine reveal a partial complexation (less than
50% in this case) which has also been reported for other pyridine
based thiol SAMs.53, 56 After Pd reduction (orange curve) the
second component has disappeared again and the protonated sig-
nal has recovered to about the same intensity as before complexa-
4tion. Since STM (Fig. 3a,b) clearly shows the presence of Pd
nanoparticles the change back to one component after Pd reduc-
tion can be explained in two ways. One is that, as suggested in a
computational study of a Pd monolayer on a mercaptopyridine
SAM,57 the Pd-pyridine interaction is weak due to adsorbed hy-
drogen, thus resulting in a reprotonation of the pyridine moieties
under the acidic conditions of the experiment. The other one is a
simple geometrical argument. As seen from the STM images (Fig.
3a,b) reduction of the Pd2+-ions leads to three dimensional Pd0-
particles at low density which are in contact only with a small
fraction of the SAM molecules whereas the large majority of
pyridine moieties is exposed to the electrolyte and, therefore,
prone to reprotonation. Consequently, the component at 400 eV is
very small and could be within the noise of the spectra. The latter
interpretation is supported by increasing the number and/or size of
clusters through repeated complexation/reduction cycles31. After
several cycles a second component emerges (brown curve in Fig.
3d) at a binding energy essentially identical to coordinated Pd2+.
The intensity of the N 1s signal is now smaller compared to a
single deposition due to the significant attenuation of the photoe-
lectrons by metal nanoparticles.
Table 1. Binding energies (BE) and line widths (FWHM) of
components in the Pd 3d and N 1s regions. For the 3d3/2 and
3d5/2 components of Pd the difference in BE and ratio of line
widths were fixed to 5.26 eV and 1.2 eV, respectively.
1FWHM restricted to minimum of 1 eV.
Pd 3d5/2
BE (eV)
FWHM (eV)
N 1s
BE (eV)
FWHM (eV)
PyP3/H+
401.5
1.55
PyP3/Pd2+
338.4
1.0
401.7
1.34
400.0
1.34
PyP3/Pd0
1 cycle
335.5
1.14
401.5
1.54
PyP3/Pd0
5 cycles
335.4
1.29
401.6
1.3
399.9
1.3
PyP3/CuPd3
337.3
1.8
335.9
1.01
400.20
1.22
398.95
1.22
PyP3/CuPd3
after acid
337.4
1.89
335.9
1.01
401.54
1.33
400.15
1.33
399.02
1.33
Codeposition of coordinated Pd and bulk Cu. As outlined
above, CCED in the presence of another metal species in the bulk
electrolyte offers interesting prospects for the generation of binary
metal structures. The combination of Pd and Cu was chosen as,
besides the fact that CuPd alloys are of interest for their catalytic
properties58, 59, Pd2+ coordinates to the pyridine moieties at low
pH whereas Cu2+ does not. First, the effect of Pd-coordination on
Cu deposition was examined by cyclic voltammetry. It is evident
from Fig. 2b, showing CVs of PyP3 SAMs on Au/mica as pre-
pared and after Pd complexation, that Pd complexation has a pro-
nounced influence on the deposition of Cu from the bulk electro-
lyte. A PyP3 SAM passivates the electrode, resulting in a gradual
onset of the current at values around -0.2 V (red curve) which is a
significant cathodic shift compared to clean Au where Cu deposi-
tion starts shortly negative of 0 V.12 As outlined above and illus-
trated in Fig. 1a, deposition starts at defects in this case.9, 10, 12 The
situation is very different for the PyP3 SAM after Pd complexa-
tion as now the current steeply increases at potentials well posi-
tive of ˗0.2 V (black curve). Direct comparison with the CV 
where Cu is absent (blue curve), reveals a pronouncedly larger
cathodic current as well as the presence of an anodic dissolution
current, thus, pinpointing the promoting effect of Pd on the depo-
sition of Cu. Notably it also implies that Pd reduction not only
precedes but extends well into the range of Cu deposition. This
suggests that particles are formed which consist of a Pd core and a
Cu shell with, depending on the details of the deposition condi-
tions, a transition region where Pd and Cu are intermixed.
The increase in the amount of deposited metal is fully confirmed
by the microscopic characterisation. The STM images shown in
Fig. 4 are very different from those without Cu. For the case
shown here, deposition was performed by stepping from the open
circuit potential (OCP) to -0.16 V and sweep the potential to -
0.04 V. While the influence of the deposition conditions on the
deposition process will be addressed in detail in a forthcoming
publication, the condition chosen here was such that the starting
potential was well in the flat part of the CV of the native PyP3
SAM (red curve of Figure 2b), i.e., positive of values where de-
fect mediated Cu deposition through imperfections in the layer
could occur. The stopping potential was set to a value just nega-
tive of the value where Cu dissolution starts. Under these condi-
tions an essentially continuous layer is formed, in pronounced
contrast to the well separated particles when Cu is absent (Figure
3). From the height profile (Figure 4b), which includes a defect in
the layer (marked by arrow), a film thickness in the range of 2-2.5
nm is inferred. This is sufficiently thin that, as seen in the large
scale image of Fig. 4a, steps in the underlying substrate are still
discernible. The higher magnification image (Fig. 4b) reveals that
the particle shape and size varies with typical values for the latter
in the range of 2-5 nm. Assuming that the measured dimensions
reflect the geometry of the particle (care was taken that particle
dimensions are not artificially broadened by tip effects) and are
not substantially distorted by the influence of electronic effects on
the tunneling current, the aspect ratio of the particles of about 2:1
suggests hemisphere-like particles. In combination with the pro-
moting effect of Pd this suggests, that also for Pd-Cu codeposi-
tion, the particles are located on top of the SAM. This is very
different from the defect mediated Cu deposition on non-
coordinating SAMs, where the metal grows out from the substrate
in a mushroom-like fashion. One of the consequences of on top
deposition is a much lower adhesion of the particles which is
exploited in the patterning experiments described in the next sec-
tion. Concluding from CV and STM data, Cu deposition is greatly
promoted by coordinated Pd, resulting in a drastically different
density of particles.
Figure 4. Low (a) and high magnification (b) STM images of
codeposition of Pd coordinated to PyP3 SAM and Cu from bulk
electrolyte. Deposition was performed in 1 mM CuSO4/50 mM
H2SO4 electrolyte applying a linear potential sweep from -0.16 V
to -0.04 V (vs Cu2+/Cu) at a scan rate of 5 mV/s. Tunneling condi-
tions: Utip = 0.5 V, I = 3 pA.
5The Pd assisted Cu deposition was further elucidated by XPS
and the respective spectra in the Cu 2p, Pd 3d, and N 1s re-
gions are compiled in Figure 5 which shows two sets of data.
Set I comprises spectra of a sample measured after deposition
whereas set II is from the same sample after exposure to
50 mM aqueous H2SO4. It is noted that the electrodeposition
was performed in a nitrogen purged electrolyte under inert gas
atmosphere and the time to unmount the sample and remove
residual electrolyte was minimised. This is important as for
the small amounts of Cu deposited, exposure of the sample to
the acidic electrolyte under ambient atmosphere distorts the
results as dissolved oxygen in combination with the acidic
electrolyte results in the formation of Cu oxide and subsequent
dissolution by the acid. In fact this way of Cu dissolution was
deliberately applied before acquiring the spectra of set II.
First focusing on the spectra of set I, a clear signature of Cu
(binding energies of 932.1 eV and 951.9 eV) is seen which
exhibits a 0.6 eV shift to lower binding energies compared to
tabulated data of bulk Cu (932.7 eV51). The Pd 3d region
clearly shows the presence of Pd. However, compared to the
Pd-only case (Figure 3c, orange solid curve), the Pd 3d3/2
component does not exhibit a well-defined peak but extends
over a range of more than 2 eV. Fitting the spectra by subtract-
ing a Shirley background, fixing the ratios of the doublet
peaks and their line widths, and setting their energy separation
to 5.26 eV,51 the spectrum can be very well described by two
Pd 3d3/2 components at 342.53 eV and 341.13 eV. We stress
that this is not to be interpreted as two discrete Pd species but
is the minimum of components required for a good fit. In fact,
the significantly larger half-width of 2.13 eV of the second
peak compared to the corresponding Pd 3d3/2 peak of the Pd-
only samples (1.64 eV, see Table 1) suggests an inhomogene-
ous broadening of the signal due to a range of Pd species in
different electronic or oxidation states.
The N 1s spectrum (curve I in Figure 5c) clearly shows two
components located at 400.2 eV and 398.95 eV. Since compo-
nent 2 at 400.2 eV has essentially the same binding energy as
the peak in the Pd-only spectrum after multiple coordina-
tion/deposition cycles (Fig. 3d, brown curve), we conclude
that this reflects the Pd-pyridine interaction. Accordingly,
component 1 at 398.95 eV which is in the region of unmodi-
fied or weakly interacting pyridine48, 55, 60 is allocated to the
interaction of nitrogen with Cu. The assignments are in line
with UHV experiments on pyridine adsorption on Cu61, Ni62
and Pt63 where binding energies around 398-399 eV and
~400 eV have been assigned to chemisorbed and weakly ad-
sorbed states. A notable difference to the Pd-only deposition is
the absence of the protonated pyridine signal at 401.5 eV48, 53,
60 which means that the number of pyridine moieties exposed
to the acidic electrolyte is below detection threshold and,
therefore, the whole SAM is covered by metal. This agrees
well with the STM images showing a continuous layer of
PdCu particles.
After exposure of the PdCu/PyP3 sample to sulfuric acid un-
der ambient conditions where bulk Cu is dissolved (set II) the
Cu signal (Fig. 5a), although reduced in intensity, remains
significant and at the same binding energy as the sample be-
fore acid treatment. The Pd signal (Fig. 5b) remains essentially
unchanged (notably the fine structure is still there) whereas in
the nitrogen spectrum a third species appears at the position of
protonated pyridine. Even though the N 1s signal/noise ratio is
rather low, comparison of the spectra of set I and II suggests
that the signal of the protonated pyridine emerges at the ex-
pense of the component at low binding energy. Combining the
information from the different species it can be concluded that
(i) Cu is present in chemically different states, identical to and
more noble than bulk copper, (ii) component 1 in the N 1s
spectra represents the interaction of the pyridine moiety with
Cu and (iii) component 2 reflects the Pd-N interaction. The
fact that the Cu signal does not disappear indicates that a sig-
nificant fraction is stabilised by Pd which is in agreement with
electrochemical studies of PdCu-alloys.64 In contrast to codep-
osition of both Cu and Pd from the bulk electrolyte where a
shift of the Cu 2p signal by 0.4 V to lower binding energy was
observed,65 in the present case peak position and width re-
mained unchanged after rinsing with acid, i.e., the dissolvable
bulk Cu cannot be differentiated from the stabilised Cu by
XPS. The behaviour in the Pd region is somewhat different as,
deposition of Cu causes clear changes in binding energy com-
pared to the Pd-only case. On the one hand this is similar to
codeposition from bulk electrolyte but, on the other hand, it is
also substantially different as the changes in binding energy in
the present case are much more pronounced, covering a range
of more than 2 eV compared to ~0.5 eV.65
Figure 5. XPS spectra in the Cu 2p (a), Pd 3d (b) and N 1s (c)
regions acquired at an emission angle of 75°. Curves I and II de-
note samples measured after deposition and after rinsing with
50 mM aqueous solution of non-deaerated H2SO4, respectively.
Bottom panel of (b) and panel (c) show experimental data (black
squares) after background subtraction, envelopes (orange curves)
and fitted components with doublets in the Pd spectrum in same
colour (green/blue). Deposition conditions as in Figure 3.
6Figure 6. (a) Illustration of electron tunneling pathways in the
Pd/Cu deposition processes labelled by their corresponding rate
constants ki. (b) Schematic representation of metal layer after
electrodeposition (I), comprised of particles with a Pd/PdCu core
shell structure and a cover layer of bulk Cu, and after dissolution
of bulk Cu (II).
From CV, STM and XPS data the picture emerges that the
coordination controlled deposition of Pd and Cu on top of the
SAM involves different phases with Pd reduction preceding
deposition of Cu as illustrated by route B in Fig. 1b. For a
more detailed analysis of the process, the principle pathways
of charge transfer across a nanoparticle covered SAM have to
be considered and how these evolve during deposition. As
illustrated in Fig. 6a, reduction of ions can proceed along three
routes which involve electron tunneling from the substrate to
i) coordinated Pd-ions (labelled by rate constant k1), ii) non-
coordinated Cu-ions at the SAM/electrolyte interface (k4), and
iii) the nanoparticle (k2) followed by the Cu-ion transfer reac-
tion at the nanoparticle/electrolyte interface (k3). At the poten-
tials applied here, the only pathway available initially is the
reduction of coordinated Pd. As pinpointed by the CVs of Fig.
2b there is no Cu2+ deposition at this stage, i.e., the corre-
sponding rate constant k4 is negligibly small compared to k1.
The reduced Pd atoms diffuse and nucleate to form clusters
which opens the pathway characterised by rate constants k2
and k3. Their values change profoundly as the deposition pro-
gresses. Among a complex interplay of electronic, structural
and statistical factors,66-68 the density of states is a crucial one
illustrating the changes when the metal deposits evolve from
small, molecule-like clusters to nanoparticles with metallic
properties.66,69,70 At an early stage tunneling across the SAM is
rate determining whereas at a later stage k3 becomes rate de-
termining since k2 increases due to the dominance of the densi-
ty of states.66,69-71 It is noted that Coulomb blockade30, 31 has
also to be taken into account, even though at room temperature
it should only be relevant for nanoparticles on the order of ~1
nm and below, keeping in mind that the particles are unpro-
tected, i.e., their capacity is larger compared to monolayer
protected clusters (MPCs).
Whereas the dominance of k1 in the early stages of the deposi-
tion yields pure Pd particles, formation of a PdCu alloy im-
plies that there is a phase in the deposition process where k1
and the combination of k2 and k3 are in a similar range, thus
resulting in an intermediate phase where Cu deposition from
the bulk electrolyte onto the Pd particles occurs simultaneous-
ly with the reduction of Pd coordinated to the SAM. This is an
essential point, e.g. for patterning described in the next sec-
tion, as this pronouncedly increases the density of particles
compared to the Pd-only case where a submonolayer of coor-
dinated Pd yields nanoparticles at low density. After codeposi-
tion of Cu and Pd a third phase of pure Cu deposition follows
which, as illustrated in Fig. 6b/I, results in a layer with three
compositionally different regions comprising separated Pd
nanoparticles, a PdCu shell and a bulk Cu phase which links
the particles to a continuous layer. Similar to codeposition of
Pd and Cu from bulk electrolyte,58, 65 Cu is pronouncedly more
noble in the alloy than as bulk Cu which makes it straightfor-
ward to dissolve any bulk Cu either electrochemically or by
rinsing with aerated aqueous H2SO4 to leave the PdCu
core/shell particles behind as indicated in Fig. 6b/II.
Patterning of Pd/Cu layer. It has been reported in previous
STM studies of Pd deposition on top of pyridine terminated
SAMs25, 31 that metal nanoparticles adhere very weakly to the
SAM. The same also holds for the PdCu particles which com-
bines favourably with the possibility to deposit them at high
density as this offers the possibility of lithographic patterning
and generating metallic nanostructures.
As illustrated in Figure 7a patterning was explored in two
steps using both STM and AFM as patterning tools. In the first
step particles are removed by bringing the tip sufficiently
close to or in contact with the surface so that the interactions
of the PdCu particles with the tip exceeds those between the
particles and their adhesion to the SAM. The following second
step exploits the deposition contrast between a native SAM
which is electrochemically blocking, and a nanoparticle cov-
ered SAM which, as discussed above, behaves like a bulk
electrode. In reversal of the dissolution of bulk Cu (see Fig.
6b) electrodeposition yields a pattern of an ultrathin continu-
ous metal layer (step 3 of the scheme in Figure 7a). It is noted
that the particle mediated, patterned electrodeposition is con-
ceptually similar to a scheme where patterns of ligand stabi-
lised Pd or Au nanoparticles were generated by displacement
with an AFM and the catalytic activity of the particles exploit-
ed for electroless Ni plating.71
Figures 7b and 7c show two examples of particle removal by
an STM tip. To remove particles, tunneling conditions were
changed from imaging mode (0.5 V/3 pA) to higher currents
and lower bias where transfer of the particle to the tip occurs
(0.1 V/250 pA). The S-like pattern shown in Figure 7b was
generated by a sequence of squares and rectangles in order of
the numbers. The possibility of high resolution patterning is
demonstrated in Figure 7c showing a line with sub-10 nm
width.
The effect of deposition contrast between areas free of and
covered by nanoparticles is demonstrated in Figure 7d. A
sample is shown where PdCu nanoparticles were selectively
removed employing an AFM (step 2 of Figure 7a) before sub-
jected to conventional Cu deposition from the bulk electrolyte
(step 3). Since metal layer and SAM interact only weakly, the
images of Figure 7d were recorded in tapping mode using a
Bruker Dimension Icon AFM, whereas patterning of a PdCu
layer was performed in contact mode using a Nanosurf
EasyScan2 instrument. Discussing the dependence of the pro-
cess on the numerous experimental parameters comprising
CuPd density, Cu electrolyte concentration and deposition
potential and time in detail in a forthcoming publication, we
only note here that in this proof of concept experiment a
pulsed deposition protocol was applied to achieve both a uni-
form layer and a clear deposition contrast between particle
covered and particle free areas. The clear deposition contrast
between particle covered and free areas is clearly seen in the
two images of Figure 7d. The deposition of bulk Cu is reflect-
ed in the height profile which shows a layer thickness of
around 15 nm whereas the layer of PdCu particles (Figure
77b, c) has a thickness of 1-2 nm. Comparing the different areas
where particles have been removed there is a variation in the
suppression of Cu deposition. The large area in the upper half
of the large scale image clearly shows some deposits whereas
the narrow areas shown in the high magnification image ex-
hibit excellent contrast. The difference can be ascribed to the
difference in density of the scan lines which decreased from
5 nm to nominally 1.25 nm with decreasing width of the areas.
This suggests that the deposits do not arise from a loss of contrast
due to localised damage of the SAM but are the result of an in-
complete removal of particles if the separation of the scan lines is
too wide.
These images demonstrate, on the one hand, the potential of
the patterning scheme for the generation of metal structures
down to the ultra-small length scale. On the other hand, it also
highlights the issues to be addressed for further improvement
of resolution and accuracy. Featuring an average width of less
than 10 nm, the line shown in Fig. 7c varies substantially
which is no surprise considering the particle size distribution.
As seen from Figure 4b particles vary in size from less than
2 nm to more than 5 nm, which also means variations in their
connectivity, i.e. the forces they adhere to each other. As the
patterning relies on the competition of interactions (tip particle
vs particle-particle and particle-SAM) both factors are equally
important. Therefore, the limit in resolution and accuracy is
defined by the level of control over the distribution of particle
size and location for which it will be crucial to understand the
factors determining the nucleation process and how these cor-
relate with the structure of the SAM.
CONCLUSION
The quality and structural stability of a SAM of a pyridine
terminated aromatic-aliphatic thiol affords the electrochemical
codeposition of metals, one from a 2D layer of ions coordinat-
ed at the SAM-electrolyte interface and another one from the
bulk electrolyte. The characteristic feature of this coordination
controlled deposition scheme is that, upon reduction and nu-
cleation, the coordinated metal acts as a seed for deposition of
the second metal, thus yielding bimetallic structures. Depend-
ing on deposition conditions these can range from isolated
nanoparticles to ultrathin continuous layers, thus offering op-
portunities for branching out in different directions. Given the
interest in bimetallic nanoparticles for (electro)catalysis,72, 73
one is the exploration of how the structural and compositional
degrees of freedom can be harnessed for tailoring reactivity
and selectivity. As regards continuous layers, advancing the
percolation threshold to ever thinner films, in combination
with lateral patterning on the ultrasmall scale, is appealing for
designing optical and electronic properties, in particular by
making use of hybrid structures and the increasing influence
of the metal-organic interface.74-76
Common to both nanoparticles and continuous layers central
points to be addressed in future work are how size, structure
and composition of the nanoparticles can be controlled and, in
turn, (electro)chemical, optical and electronic properties of the
deposits be tailored. Besides the obvious parameter space
comprising different metals and variation of deposition pa-
rameters such as overpotential, and concentrations of coordi-
nated and bulk metal species, a better understanding of the
role of the SAM is also essential for two reasons. Firstly, the
achievable resolution will ultimately be determined by the
level of control over diffusion and nucleation of the metal
species at the SAM/electrolyte interface. Calculations suggest-
ing that diffusion is more complex than a simple site to site
hopping on a pure SAM surface,77, 78, it is unclear at present
how these processes occur and what the influence of structural
features of the SAM is such as surface corrugation or domain
boundaries. Secondly, controlling adhesion between the de-
posit and SAM is important as, on the one hand, a good adhe-
sion is desired when using the structures as deposited whereas,
in extension of SAM templated electrodeposition,12 an easy
lift off is required to enable the transfer to insulating substrates
in order to harness specific features of the metal structures like
optical transparency and ultra-small lateral dimensions.
Figure 7. Scanning probe based patterning of CuPd layer deposit-
ed on top of PyP3 SAM by CCED. (a) Patterning scheme involv-
ing removal of CuPd particles by scanning probe (1,2) and subse-
quent selective electrodeposition (3). (b) STM image of CuPd
layer patterned by a sequence of removal scans indicated by yel-
low quadrangles. White line marks location of height profile
shown below. (c) Single line in CuPd layer written by STM.
Height profile is along white line. Gray bar in the height profile
marks the line of sub-10 nm width. (d) AFM patterning of CuPd
layer and subsequent electrodeposition of Cu. Yellow rectangle in
the large scale image on the left marks area of higher magnifica-
tion image displayed on the right. Arrows in large image mark
some of the boundaries between grains in the Au film. Experi-
mental conditions: (b,c) Imaging 0.5 V/3 pA, modification
0.1 V/250 pA, deposition: as in Fig. 4 (d) Patterning parameters:
force 42 nN, separation between scan lines varies from 5 nm
(large area) to 1.25 nm (smallest feature), scan speed 2 lines/s.
CuPd particles were generated by applying a pulse of -0.4 V (vs
Cu2+/Cu) for 0.1 s and dissolving any bulk Cu by immersion into
sulfuric acid. For Cu deposition after patterning a sequence of 5
potential steps was applied consisting of -0.3 V/ 0.05 s deposition
pulse, separated by a -0.05 s at a potential of 0.03 V. As electro-
lyte a 50 mM CuSO4/50 mM H2SO4 solution was used for deposi-
tions before and after patterning.
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